INTRODUCTION
cAMP-CRP and CytR in combination regulate initiation of transcription from at least eight operons that code for proteins involved in nucleoside and deoxynucleoside catabolism and transport in E.coli (1) . cAMP-CRP activates transcription and CytR represses transcription, however, cAMP-CRP also plays a crucial role in the repression mechanism (2) . CytR repression is confined to cells containing the cAMP-CRP complex (3) and depends on proper DNA binding of cAMP-CRP (2) (3) (4) (5) . Consistently, in vitro analyses of four cAMP-CRP/CytR regulated promoters, deoP2, cddP, cytRP and tsxP2, have shown that CytR alone only interacts weakly with its cognate promoters (6) (7) (8) (9) . In presence of cAMP-CRP, however, the two proteins bind cooperatively to the DNA and the cooperative DNA binding is mediated by direct protein-protein interactions between the cAMP-CRP and CytR (6, 10) . Hence, repression by CytR relies on contacts to both the DNA and the cAMP-CRP complex, and cAMP-CRP may be regarded as an adaptor for CytR.
In this report, we have used the deoP2 promoter to investigate the importance of CytR-DNA interactions for repression and to identify the DNA sequence motif recognized by CytR. This promoter contains two binding sites for cAMP-CRP, a low affinity site, CRP-1, centered at position -40 and a high affinity site, CRP-2, centered at -93 (11) (Fig. 1) . CytR binds to the region between the CRP sites (6) . Previously isolated deoP2 mutants with reduced CytR regulation all contain mutations in either of the CRP sites (3) (4) (5) . In vitro analyses have shown that the effect of these mutations on CytR repression is indirect and can be traced back to their inhibitory effect on DNA binding of cAMP-CRP (2) . Thus, despite a growing knowledge of the interaction of CytR with its cognate promoters, little is known about the specific CytR-DNA interactions. Here, we have isolated deoP2 mutants containing mutations that directly interfere with CytR-DNA interactions in order to locate the positions important for sequence specific DNA binding of CytR more precisely. On basis of the results we discuss how CytR may interact with the DNA.
MATERIALS AND METHODS
All enzymes used for DNA manipulations were purchased from Boehringer, Mannheim except exonuclease HI, AMV reverse transcriptase and modified T7 polymerase (Sequenase) which were purchased from Amersham, Life Sciences Inc. and USB Corp., respectively. ^P-labelled nucleotides were obtained from NEN. Isolation of plasmid DNA, cloning, transformation of E. coli and gel analyses of recombinant plasmids were performed as described (13) . SI nuclease mapping of start sites for transcription and purification and sequencing of ^P-labelled fragments were performed as previously described (14). Plasmid constructions pJEL152 is a derivative of the low copy number Rl lacZ transcriptional fusion plasmid pJEL126 (3, 16) . pJEL152 contains deoP2 sequences from position -116 to +18 (Fig. 1) fused to lacZ and the deoP2 sequence is flanked on both sites by an EcoSl site. pUC13 derivatives: The £coRI fragments from the pJEL152 derivatives were cloned in the EcoSl site in pUC13 (17) . The orientation of the EcoRI fragments in all the constructs used in the titration analysis is so that the deoP2 promoter in the cloned fragment and the lac promoter in pUC13 transcribe convergently.
Bacterial strains

NaNC>2 mutagenesis
In order to create a region of single stranded deoP2 DNA, two pUC13 derivatives in which the Ecd91 fragment containing deoP2 had been cloned in either orientation were digested with BamHI that cleaves pUC13 immediately downstream of the EcoW site. Next, the BamHI restricted DNA was subjected to exonuclease HI digestion for 15 min under conditions at which exonuclease HI removes 10 nucleotides per min. Subsequently, the DNA was exposed to the mutagen NaNO 2 as described (18) . After removal of the mutagen, the double stranded DNA was extended with AMV reverse transcriptase. Finally, the mutagenized plasmids were restricted with EcoVl and the EcoJd fragments with the mutagenized deoP2 promoters cloned in pJEL126. Plasmid DNA was isolated from clones with reduced CytR regulation and the EcoRI fragments containing the putative mutations recloned in pJEL126. Altogether, 7 clones exhibited reduced CytR regulation following the second cloning. After cloning in mpl9 (19) of the corresponding fcoRI fragments, the fragments were sequenced by the chain terminating method (20) with modified T7 polymerase as recommended by the supplier.
Site directed mutagenesis
The EcoBl fragment containing the entire deoP2 promoter was cloned in mp 19 (19) . Selected mutations were introduced using an oligonucleotide-directed in vitro mutagenesis system purchased from Amersham (21) .
Gel retardation analyses
The Maml-SfaM, Maml-SauSA and Xbal-Pvull deoP2 fragments were purified by electrophoresis on polyacrylamide gels after labelling of the 5 '-end of the AfamI site with polynucleotide kinase in the presence of Y-^P-ATP and the 3'-end of the Xbal site with Klenow fragment in the presence of a-^P-dCTP. 0.8 nM of the labelled fragments and various concentrations (indicated in the Legend in Fig. 3 ) of CytR or CRP were incubated in binding buffer (10 mM Tris HC1 (pH 7.8), 50 mM KC1, 1 mM EDTA, 50 /ig/ml acetylated bovine serum albumine, 1 mM dithiothreitol, 0.05 % Nonidet-P40) containing 20 ng/ml competitor DNA (pGEM4 obtained from Promega) for 30 min. at 37°C in a total volume of 10 /il (6) . cAMP was included in the experiments with CRP at a final concentration of 10 /iM. Immediately before loading, 2 /d of loading buffer (binding buffer containing 50% glycerol and 0.1 mg/ml bromophenol blue) were added to the samples. Samples were loaded with current on. Electrophoresis was conducted at 100 V. 5 % acrylamide gels prepared from a 44:0.8 (acrylamide:N,N'-methylenbisacrylamide) stock were used throughout. The electrophoresis buffer was 10 mM Tris HC1 (pH 7.8), 1 mM EDTA containing 25 mM KC1 in the experiments with CytR and 10 mM Tris HC1 (pH 7.8), 1 mM EDTA containing 10 fiM cAMP in the experiments with CRP. Following electrophoresis, the gels were dried and autoradiographed. CytR and CRP were purified as described (6, 22) .
Hydroxyl radical footprintinĝ
P-labelled fragments (final concentration 1 nM), proteins at the concentrations stated in the legend to Fig. 4 and competitor DNA were incubated as in the gel retardation experiments. cAMP was added to a final concentration of 50 /*M. Otherwise the footprints were performed as described by Tullius and Dombroski (23) with the modifications developed by O'Halloran et al. (24) .
RESULTS
NaN0 2 mutagenesis of deoP2
An £coRI fragment containing deoP2 sequences from position -116 to position +18 with respect to the start site for transcription (+1) contains all the information required for cAMP-CRP and CytR regulation of deoP2 (3) . In order to isolate promoter mutants with decreased CytR regulation, this EcoRI fragment was subjected to NaNC>2 mutagenesis in vitro (See Materials and Methods) and subsequently cloned in the £coRI site of the low copy number transcriptional fusion plasmid pJEL126 (16) to give the plasmid pJEL152. The resulting plasmids were transformed to a Alac, Adeo, cytR + strain followed by a screening on indicator plates for colonies with an elevated lacZ expression. Seven independent colonies were isolated and the mutations identified by sequencing (Materials and Methods) ( -65 with C-T at +4 and A-G at -65 together with A-G at -33. cAMP-CRP activation and CytR regulation of the five mutant promoters were assessed by monitoring activities of @-galactosidase in cytR + , cytR and Acrp strains. As shown in Table 1 , CytR regulation is reduced from approximately 10-fold in the wt-promoter to approximately 2-and 3-fold in the mutant promoters whereas cAMP-CRP activation remains unchanged. Activation and CytR regulation in the three promoters containing double mutations were identical with that of the promoter only containing the -65 mutation (data not shown), hence, positions +4, -1 and -33 do not appear to be important for CytR regulation. The mutations at -65 and -72 are positioned in the region of deoP2 protected by CytR in DNase I footprint experiments. Thus, these two positions may be important for sequence specific DNA binding of CytR.
Site directed mutagenesis of the CytR binding site
As most protein binding sites on DNA consist of either inverted or direct repeats, we examined the CytR binding sequence in deoP2 for such structures. Positions -65 and -72 are part of an inverted as well as a direct repeat (Fig. 1 ). Three additional mutations were introduced in this region by site directed mutagenesis (See Materials and Methods) (T-Aat-68,A-G at -73 and G-A at -75) in order to test in more details the importance of this DNA segment for CytR regulation. Following cloning of the mutated promoters in pJEL126 the effect of the mutations was assessed by measuring the activity of /3-galactosidase. All three mutations result in decreased CytR regulation with the mutation at -72 exhibiting the largest effect and, once again, neither of the mutations had any effect on cAMP-CRP activation of deoP2 transcription (Table I) .
In order to analyse the effect of the mutations on CytR interaction with deoP2 in an alternative approach, we performed in vivo titration experiments. In this analysis, the different deoP2 promoters are cloned on a high copy number plasmid (pUC13) and then introduced into a CytR + strain that contains a gene fusion between the cAMP-CRP/CytR regulated cdd promoter and lacZ on the chromosome. This strain, in addition, contains an F plasmid that encodes the lacP allele. The presence of lacfi ensures that the lac promoter on the pUC13 derivatives is repressed, otherwise transcription from lacP interferes with titration of CytR (4). The ability of the different mutant promoters to titrate CytR and, thus, alleviate CytR regulation of the cdd- lacZ fusion was found to be reduced (See Table II ). Furthermore, the reduced titration of CytR parallels the decreased CytR regulation in the different promoter mutants (Compare Table I andll). Finally, the start site for transcription in the mutant promoters was mapped in an Sl-nuclease mapping analysis. In all cases, transcription was found to initiate at position +1 (Fig. 2) , ruling out the possibility that the decrease in CytR regulation is caused by the introduction of a new promoter.
The mutations between the CRP sites reduce the affinity of CytR for deoP2 in vitro The only way to directly assess the effect of the mutations on protein-DNA interactions is to analyse both CytR-DNA as well as cAMP-CRP-DNA interactions separately in vitro. The in vitro binding of CytR to the mutated promoters was characterized in a gel retardation assay using purified CytR protein and purified •^P-endlabelled DNA fragments carrying either the wt-or the mutated promoters. It was previously observed that CytR has a strong tendency to bind non-specifically to the DNA in gel retardation assays that are carried out in low ionic strength electrophoresis buffer (6) . To increase the specificity of CytR binding in the gel retardation assay, 25 mM KC1 was added to the starting low ionic strength electrophoresis buffer (6) (See Materials and Methods). At this ionic strength, sequence specific binding of CytR is only weakly reduced whereas non-specific binding is strongly reduced (Sagaard-Andersen and ValentinHansen, unpubl.). The region in deoP2 protected by CytR in DNase I footprinting experiments is contained on a 47 bp AfamlSfaNl fragment extending from position -41 to position -87 and on a 52 bp Maml-Sau3A fragment extending from -41 to -92. By using such relatively small DNA fragments in the gel retardation assay in combination with the changed electrophoresis buffer, non-specific binding of CytR to the labelled fragment was practically abolished. The 47 bp fragments were purified from the wt-and mutated promoters except for the promoter with the mutation at -75 which removes the SfaNl site; for the latter promoter the 52 bp fragment was employed.
Binding of CytR to either of the two fragments result in the formation of only one retarded complex (Fig. 3 upper panels, lane 2-5 for the wt-promoter and lane 2-5 for the promoter with the mutation at -75)). DNase I footprinting experiments of CytR clearly show that all the mutations result in a decreased affinity of CytR for deoP2 (Fig. 3, upper panels) . The effect of the mutations on binding of CytR parallels the effect of the mutations in vivo, i.e. the -72 and -73 mutations which have the largest effect on regulation and titration in vivo also exhibit the largest effect on binding of CytR in vitro. Moreover, a prominent feature in the gel retardation experiments is the presence of a smear between the two well-defined bands. The smear is more pronounced in the experiments with the mutant promoters and it is, most likely, the result of dissociation of CytR-DNA complexes during electrophoresis.
In order to analyse the possibility that the effect of the mutations on CytR regulation was an indirect effect mediated by changed binding of cAMP-CRP, gel retardation experiments with ^P-endlabelled DNA fragments containing both CRP sites in the context of the different mutations were also performed (Fig. 3 . lower panels). As previously shown, binding of cAMP-CRP to the wt-promoter resulted in the formation of two retarded complexes: The complex with the highest mobility contains cAMP-CRP bound at CRP-2 and the complex with the lowest mobility contains cAMP-CRP bound at both CRP-2 and CRP-1 (6) . The mutated promoters all bound cAMP-CRP with the same affinity as the wt-promoter and me mobilities of the two retarded complexes was identical to that observed for the wt-promoter. Taken together, these data show that the effect of the mutations is a direct consequence of changed CytR-DNA interactions.
Mapping of the contact points between the deoxyriboses in the DNA backbone and cAMP-CRP and CytR
In order to characterize further the binding of CytR, the DNA backbone contacts of the proteins within the repression complex were determined in hydroxyl radical footprinting experiments. A 250 bp ^P-end-labelled DNA fragment containing deoP2 sequences from -116 to +18 was mixed with CRP and/or CytR, protein-DNA complexes allowed to form and then reacted with hydroxyl radicals. In the absence of any added protein, strand breakage occurs at each position with approximately the same efficiency (Fig. 4, lanes 2 and 7) . When CRP is added, three protected patches each 3-4 nucleotides long and separated by 5-6 efficiently cleaved nucleotides are observed in both CRP sites (Fig. 4, lanes 3 and 8) . The protection patterns on the two strands are identical but offset from each other in the 3'-direction by 3 nucleotides. CytR protects two regions on both strands (Fig. 4, lanes 5 and 10) , and the protection pattern is also in this case offset from each other in the 3'-direction by 3 nucleotides. In the presence of both proteins, a clearly defined set of regularly spaced, protected regions appear on both strands and the protection pattern is the sum of those obtained with the two regulators independently (Fig. 4, lanes 4 and 9) .
DISCUSSION
Sequence specific recognition of DNA by gene regulatory proteins is fundamental to the control of initiation of transcription. The identification of the nucleotide sequence recognized by a protein generally relies on the characterization of mutations that interfere with binding of the protein, analyses of protein-DNA complexes using various footprinting techniques and on a comparison of the sequences of different binding sites. In this report, we have used these approaches to identify the nucleotide sequence recognized by CytR in the deoP2 promoter.
Previous attempts to determine the binding specificity of CytR to DNA sites have been complicated by the fact that repression by CytR relies on both CytR-DNA interactions as well as on direct interactions with cAMP-CRP (2, 10). Hence, CytR regulation of deoP2 can be drastically reduced by mutations that interfere with binding of cAMP-CRP to the two CRP sites (3) (4) (5) . Here, we have approached this problem by using an efficient in vitro method for generating mutations at defined regions. Five mutant deoP2 promoters were isolated that all specifically exhibit reduced CytR regulation and titration in vivo. All mutant promoters contain single bp substitutions in the region between the two CRP sites that has previously been identified as the CytR binding site (6) . Furthermore, in vitro binding analyses demonstrated that the mutations interfered directly with CytR-DNA interactions whereas binding of cAMP-CRP remained unchanged.
The binding site for CytR was also narrowed down in DNA footprinting experiments with hydroxyl radicals. This chemical attacks deoxyriboses in the DNA backbone and produces a high resolution map of protein-backbone interactions due to its small size (22) . Using protection data for cAMP-CRP and CytR alone and in combination, the contributions from each of the regulators in the repression complex was delineated (Fig. 4) . In full agreement with the crystal structure of the cAMP-CRP/DNA complex (27) , cAMP-CRP yielded a tripartite footprint at both binding sites in which the centers of the protected regions were separated by approximately 10 bp. CytR produced a bipartite The arrows indicate the sequences in the CRP sites that share homology with the consensus CRP site, the bones mdirxtt* the sequences sharing homology with the inverted repeat in the CytR recognition sequence in deoP2, the numbers indicate coordinates with respect to the start site for transcription (+1). For cddP the sequence of the lower strand is displayed in order to more clearly visualize the homology with deoP2 and cytRP. In deoP2, die substitutions interfering with binding of CytR are indicated. In cddP, cAMP-CRP binds to CRP-1 and CRP-3 in presence of CytR, and CytR binds between these two sites, die mutations diat interfere with binding of CytR are indicated (7) . In cytRP, cAMP-CRP binds to only one CRP site (CRP) and CytR binds immediately downstream from the CRP site (8) . In tsxP2, cAMP-CRP binds to two sites CRP-1 and CRP-2 in absence of CytR, and CytR binds to a site that overlaps extensively with CRP-1 in absence of cAMP-CRP; die structure of the combined complex is not known in details (9) . Below a simple consensus based on the number of occurrences of each base at each position is presented, the suffix indicates the number of occurrences of me most frequent base. In the symmetry consensus, the simple consensus is converted to a palindrome based on the most frequent base at each symmetrical position, i.e. in the right half site, the base at the first position is not conserved, however, an A is found at the symmetrical position in the left half-site in all four sites, hence, the first position in the right half site is a T in die symmetry consensus.
footprint in which the protected regions were separated by approximately 10 bp and located between the regions protected by the two cAMP-CRP complexes. Displaying the protein contacts to the backbone on a DNA helix with 10.5 bp per turn reveals that all contacts are positioned on the same side of the helix and span the minor groove (Fig. 5) . These results strongly indicate that the repression complex adapts a structure in which the regulatory region of deoP2 is wrapped around a complex of two cAMP-CRP complexes and one CytR molecule. This picture also highlights that the mutations that directly affect CytR binding to deoP2 are positioned adjacent to and partially overlapping the regions protected from attack by hydroxyl radicals by CytR. The assessment of the CytR-DNA backbone contacts, together with the genetically defined binding sequence, therefore, suggests that CytR lies across two adjacent minor grooves and recognizes its binding site by contacting bases in two neighbouring major grooves. The DNA segment in which the five mutations that interfere with CytR-DNA interactions map may be viewed as an imperfect inverted repeat containing the sequence 5'TGCAA on the top strand and 5'TACAA on the bottom strand (Fig. 1) . However, two five bp boxes (5'TGCAA and 5'TGTAA on the top strand) oriented in a directly repeated configuration are also contained in this DNA segment (Fig. 1) . At present it is not possible to draw any definite conclusions about the binding mode of CytR. However, several lines of evidence implicates that CytR is an oligomer with rotational symmetry that contacts the DNA via an ot-helix-turn-a-helix motif. CytR has extensive homology with well-characterized DNA binding proteins like LacI and GalR that contact palindromic sites via two identical subunits (28) (29) (30) (31) , and specifically CytR contains a region exhibiting a high level of homology with the a-helix-tum-a-helix motif found in the DNA binding domain of several well-characterized DNA binding proteins (32) . Amino acid changes in this region of CytR abolish its repressor function and the mutant proteins are mwiy-dominant (33; Segaard-Andersen et al., unpubl.). Furthermore, CytR exists as an oligomer in solution (33) . Finally, CytR would be expected to make identical contacts to the two cAMP-CRP complexes in deoP2. As the arrangement of the repeats in a protein binding site is thought to reflect the structure of the active form of the protein, the most likely binding model is that CytR interacts with an inverted repeat.
Comparison of the CytR recognition motif in deoP2 with known CytR binding sites reveals that the pentamer motif 5'TGCAA or degenerate versions of this sequence are conserved among all sites (Fig. 6) . However, in order to obtain maximal homology with the inverted repeat in deoP2, the spacer region between the half-sites must be allowed to vary between 2 bp (in deoP2 and tsxPT) and 3 bp (in cddP and cytRP) (Fig. 6 ). There are precedents for such moderate variations in spacer length differences between operator half-sites. The natural lac operator is apparently flawed by an incorrect spacing between the operator half-sites with respect to maximal repressor binding (34, 35) , also spacer length differences have been suggested between the half-sites in CRP binding sites (36, 37) . Finally, two additional lines of evidence strongly emphasize the importance of the inverted repeat for sequence specific binding of CytR. First, mutations in the 5'TGCAA motif in cddP reduces binding of CytR (7) (Fig. 6) ; and, second, the CytR-DNA backbone contacts in cytRP are arranged around the inverted repeat in this promoter as they are in deoP2 (8) . Based on the above considerations, a consensus CytR recognition sequence might be proposed (denoted 'simple consensus' in Fig. 6 ). This consensus may be refined by imposing a symmetry constraint to give the 'symmetry consensus' (Fig. 6) . From the alignment in Fig. 6 it also appearent that the CytR recognition sequence is positioned asymmetrically with respect to the two CRP sites in deoP2 and cddP. Furthermore, the CytR recognition sequence is located 2 bp closer to the nearest CRP site in cddP and cytRP than in deoP2. It is still too early to evaluate the importance of these variations, however, they may indicate that CytR is a flexible protein. A simple model based on the homology of CytR with the Lad protein might be that CytR contains an NH 2 -terminal DNA binding domain (equivalent to the LacI headpiece (38) ) that is connected with the dimerization domain of the protein through a flexible hinge region as was recently described for the a2 protein in yeast (39, 40) . Hence, the two parts of the protein could move independently with respect to each other providing CytR with the possibility to interact with binding sites with different structures and cAMP-CRP complexes at varying distances.
